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. By contrast, T H 2 cells mainly secrete the prototypical cytokines IL-4, IL-5 and IL-13, and stimulate type 2 immunity, which is characterized by high antibody titres and eosinophilia 2 . Type 2 immune responses are induced by parasitic helminths and are associated with atopic diseases, such as allergy and asthma. Airway type 2 immune responses are mainly mediated by eosinophils, mast cells, basophils, T H 2 cells, group 2 innate lymphoid cells (ILC2s) and IgE-producing B cells. Type 2 immune responses are characteristic of allergic rhinitis in the upper airways and asthma in the lower airways, and the details of these responses are understood in great detail 3 (FIG. 1) . Despite some gaps in our knowledge -such as the relative roles of T H 2 cells versus ILC2s as sources of type 2 cytokines (such as IL-4, IL-5 and IL-13) -it is generally accepted that upstream events in the airway epithelium (involving master regulators such as thymic stromal lympho poietin (TSLP), IL-25 or IL-33) result in increased production of type 2 cytokines that drive a cascade of downstream events. These include IgE-triggered hypersensitivity to aeroallergens, activation of airway epithelial cells, chemo attraction of effector cells (mast cells, eosinophils and basophils), and remodelling of the epithelium and subepithelial matrix.
There has been much recent discussion of the role of the microbiome and early-life exposure to bacterial antigens in the origins of asthma 4 . I do not attempt to cover these important issues in this Opinion article and instead focus on how type 2 inflammation in asthma is initiated at the molecular level. Type 2 inflammatory responses in the lungs often start in childhood, when environmental stimuli -such as viral respiratory tract infections or exposures to oxidants, such as cigarette smoke or other airborne pollutants -can activate airway epithelial cells to produce IL-25, IL-33 or TSLP. This initiates a pathogenic cascade, which leads to the development of asthma in children who are susceptible because they have preexisting atopy, specific genetic risk factors in regulators of type 2 inflammation or other less well-understood vulnerabilities. The reasons why type 2 immune responses that are initiated during childhood become persistent are not well understood. It may be that aberrant immune programmes become fixed because they are established during crucial time windows in early life when the immune system is particularly plastic. During this time period, either innate or adaptive immune cells may be susceptible to epigenetic changes that lead to persistent changes in cell behaviour 5 . Type 2 inflammation is suppressed by glucocorticoids, which have long been the mainstay controller medication for asthma. As steroids have multiple local side effects (including dysphonia and candidiasis) and systemic side effects (including cataracts, osteoporosis and adrenal suppression), particularly when used in high doses over prolonged periods of time, the advent of more specific inhibitors of type 2 inflammation in the past 10-15 years has raised hope that these drugs will provide similar benefits to patients with asthma without the same side effect profile. However, as detailed below, compared with glucocorticoids, specific inhibitors of type 2 inflammation have a more limited range of effects on airway function and asthma control, and their emerging role is as adjunctive treatments to steroids rather than as replacement therapies. In this Opinion article, I outline type 2 inflammation in asthma, summarize the lessons that have been learnt from clinical trials of inhibitors of type 2 inflammation and consider how these lessons are informing concepts of asthma heterogeneity, asthma biology and the future of personalized therapies for asthma.
Phenotypic heterogeneity of asthma
Approximately 300 million people in the world have asthma -with at least 250,000 deaths attributed to the disease each yearwhich makes it the most common chronic lung disease 6 . It is defined as a disease that is characterized by recurring symptoms of reversible airflow obstruction, bronchial hyperresponsiveness (BHR) and airway Abstract | Asthma is one of the most common chronic immunological diseases in humans, affecting people from childhood to old age. Progress in treating asthma has been relatively slow and treatment guidelines have mostly recommended empirical approaches on the basis of clinical measures of disease severity rather than on the basis of the underlying mechanisms of pathogenesis. An important molecular mechanism of asthma is type 2 inflammation, which occurs in many but not all patients. In this Opinion article, I explore the role of type 2 inflammation in asthma, including lessons learnt from clinical trials of inhibitors of type 2 inflammation. I consider how dichotomizing asthma according to levels of type 2 inflammation -into 'T helper 2 (T H 2)-high' and 'T H 2-low' subtypes (endotypes) -has shaped our thinking about the pathobiology of asthma and has generated new interest in understanding the mechanisms of disease that are independent of type 2 inflammation. inflammation 7 (FIG. 2) , and its clinical manifestations can range from mild to severe
. Multiple pathological changes occur in the airway epithelium and submucosa in asthma and these changes are collectively referred to as airway remodelling
.
It has long been evident that asthma severity varies greatly between patients but this phenotypic heterogeneity has recently been investigated in a more systematic way. Specifically, cluster analyses of large numbers of highly characterized individuals with asthma have shown that they can be grouped into 4-5 phenotypic clusters according to age, gender, atopy, lung function, health care utilization and body mass index (BMI) 8, 9 . These cluster-based studies highlight the clinical heterogeneity of asthma; for example, the largest clusters are characterized by mild airflow obstruction and relative resistance to exacerbations, but other clusters with considerably sized subgroups of patients are characterized by more severe airflow obstruction and are more prone to exacerbations. The clusters of patients with more severe asthma typically include those who are older and those who are obese 9 . Increased awareness of the phenotypic heterogeneity of asthma has spurred interest in whether this heterogeneity can be explained by specific underlying cellular and molecular mechanisms. Linking phenotypes to mechanisms requires concomitant analysis of biospecimens for markers of inflammation, and this approach is now being undertaken by the U-BIOPRED research group in Europe and the SARP research group in the United States. The association of obesity and increasing age with more severe asthma provides some clues about the potential mechanisms of disease. As an example of one among many potential mechanisms, it is possible that the systemic inflammation that is associated with obesity, which includes increased oxidative stress and increased production of IL-1, IL-6 or tumour necrosis factor (TNF) by white adipose tissue and inflammatory macrophages 10 , may have effects in the airways to worsen asthma. However, phenotypic heterogeneity is limited in how much it can inform our understanding of disease mechanisms because phenotypic traits such as airway narrowing can be caused by multiple disease mechanisms. Therefore, a physiological test showing a reduction in FEV1(forced expired volume in 1 second) in any one patient does not reveal a specific mechanism or point to a specific anti-inflammatory treatment. For this reason, it has been suggested that disease endotypes represent a better conceptual framework than disease phenotypes 11 to accelerate progress towards personalized treatments, and endotypes have now been adopted as a useful framework for asthma research 12, 13 .
Asthma endotypes -T H 2-high asthma
The term endotype was proposed in 2008 as a conceptual framework to guide new thinking about the molecular hetero geneity of asthma 14 . Specifically, it was proposed that an endotype is a disease subtype that is defined by a distinct functional or pathobiological mechanism. It is distinct from a disease phenotype, which is any observable characteristic or trait of a disease without any implication for mechanism. The advantage of classifying asthma as groups of endotypes would be that each endotype could logically be targeted by treatments that are specific for the causative molecular mechanism. So far, there is only one proposed endotype of asthma -'T H 2-high' asthmawhich is characterized by increased levels of type 2 inflammation in the airways compared with the normal reference range of healthy controls (FIG. 3) .
It has been known for some time that some individuals with asthma have airway eosinophilia whereas others do not and that eosinophilia predicts a favourable response to glucocorticoid treatment [14] [15] [16] . The stability of these eosinophilic subtypes was not clear until recently, but it is now apparent that large subgroups of patients with asthma are persistently lacking airway eosinophilia 17 . The transition from a concept of eosinophilic asthma to T H 2-high asthma came from array-based gene expression studies of airway epithelial brushings from patients with mild to moderate asthma, which showed that approximately half of the patients had a gene expression profile that was consistent with the activation of epithelial cells by the type 2 cytokine IL-13 and half did not 18, 19 . This approximately even division of patients with asthma into those with and without an activation signature for IL-13 is consistent with the proportion of individuals with asthma who are found to have airway eosinophilia 16, 17, [20] [21] [22] . Patients with T H 2-high asthma have eosinophilia and other signs of airway type 2 inflammation, including increased numbers of airway mast cells 23 . The gene expression signature for IL-13-mediated activation of airway epithelial cells is characterized by marked upregulation of the gene encoding periostin, Nature Reviews | Immunology which has an unusual localization to the subepithelial region of the airway 18 ; this can be explained by the rapid basal secretion of periostin by IL-13-activated epithelial cells 24 . This observation raised the possibility that periostin might enter subepithelial blood vessels and be detectable as a blood-based biomarker of IL-13-activated airway epithelial cells -a possibility that has now been supported by biomarker validation studies 25 and by clinical trials showing that blood periostin levels predict responsiveness to IL-13-directed treatment in patients with asthma 26 . However, the widespread use of periostin as a biomarker in the general population of individuals with asthma requires further investigation (see later).
An important characteristic of T H 2-high asthma is that it is responsive to treatment with inhaled corticosteroids, whereas T H 2-low asthma (classified as having levels of type 2 inflammation in the airways that are comparable to the normal reference range of healthy controls) is not 19 . This finding advances our understanding of mechanisms of steroid resistance in asthma
, and it raises questions about the treatment approaches that should be used for T H 2-low asthma and about how best to address unmet needs for treatment approaches beyond corticosteroids for patients with T H 2-high asthma.
The lack of an effective controller medication for the T H 2-low asthma subgroup is a considerable clinical problem and one without an obvious solution at present. The mechanisms of asthma other than type 2 inflammation are not well understood. Patients with T H 2-low asthma probably constitute a mix of multiple disease endotypes that each affect relatively small subgroups of patients. It is important to note that patients who lack evidence of type 2 inflammation do indeed have asthma, as evidenced by a lack of smoking history and the presence of bronchial hyperreactivity and bronchodilator responsiveness 17, 19 . Possible mechanisms of asthma in these patients include intrinsic abnormalities in airway smooth muscle or effects of oxidative stress, IL-17 or neutrophil products on structural elements of the airway that result in airway hyperresponsiveness and airway obstruction. Although there are no proven pathways to target at this point, this situation should improve as biomarkers are used to identify T H 2-high asthma, so that T H 2-low patients can be analysed separately in unbiased biospecimen analyses using 'omics' and other technologies that have broad potential to uncover mechanisms.
Although T H 2-high asthma is generally a corticosteroid-responsive endotype 16, 17, 19 ; a notable subgroup of patients with this endotype have persistent symptoms and uncontrolled asthma despite corticosteroid treatment [27] [28] [29] [30] . This failure to fully respond to corticosteroids may reflect high levels of type 2 inflammation that cannot be controlled with steroids or a subgroup of patients with true steroid resistance. T H 2-high asthma constitutes 50% of mild to moderate asthma 19 and probably a larger proportion of patients with more severe asthma, so that the subgroups of patients with the T H 2-high endotype who are not optimally controlled on low or medium doses of steroids are large enough to warrant additional treatment strategies. In addition, there are subgroups of patients with T H 2-high asthma who require high doses of steroids to maintain asthma control and these patients need a steroid-sparing strategy to reduce their risk of dose-dependent side effects of corticosteroids 31 . Together, these reasons constitute the rationale for pursuing novel treatments for type 2 inflammation in asthma. The use of these type 2-targeted treatments in recent years has improved our understanding of how type 2 inflammation drives the physiological and pathological abnormalities of asthma. 32, 33 , decreases airway eosinophilia 34 and improves asthma control 35 . Phase III registration studies showed that omalizumab decreases asthma exacerbation rates and allows for reductions in maintenance doses of oral cortico steroids 36, 37 . These effects are apparent in both children and adults, and have been
Effects of inhibiting type 2 inflammation

Box 1 | Clinical features of asthma
Asthma is characterized by episodes of shortness of breath (dyspnoea) that are relieved by treatment with β2-adrenergic receptor agonists. Many patients with asthma have intermittent symptoms that can be controlled as needed with β2-adrenergic receptor agonists and low doses of inhaled corticosteroids or a leukotriene receptor antagonist. A considerable subgroup of individuals with asthma suffer from more severe disease that is characterized by more frequent symptoms and exacerbations. Asthma exacerbations are a complex clinical phenomenon involving a loss of asthma control that leads to symptoms, including shortness of breath, wheeze, cough and sputum production. Airway narrowing during asthma exacerbations results not only from concentric smooth muscle contraction but also from mucosal oedema and the formation of pathological intraluminal mucus. Exacerbations can range from mild to severe and can result in near-fatal or fatal episodes of respiratory failure. The most common cause of asthma exacerbation is viral upper respiratory tract infections 37 . Common causative viruses include respiratory syncytial virus in children and rhinoviruses in adults 64 .
Box 2 | Airway remodelling in asthma
Asthma is pathologically characterized by abnormal structural changes in the airway epithelium and submucosa. Changes in the epithelium include goblet cell metaplasia, hyperplasia and increases in epithelial mucin stores. Changes in the submucosa include subepithelial fibrosis (increased deposition of collagen I, collagen III and collagen V, as well as fibronectin and tenascin C, in the lamina reticularis of the basement membrane zone) [65] [66] [67] and changes in submucosal gland cells (to increase gland volume), smooth muscle cells (to cause hypertrophy and hyperplasia) 68, 69 and blood vessel cells (to cause increases in the number of blood vessels) 70, 71 . Pathological changes in the airway are thought to predispose individuals with asthma to exacerbations by narrowing baseline airway calibre and by altering structural elements in a manner that predisposes to exaggerated responses to inhaled exacerbants 64 .
confirmed in multiple post-registration studies 38 . In addition, omalizumab is well tolerated and apart from injection site reactions and a small risk of anaphylaxis, it is generally considered safe. Concerns about increased morbidity from geohelminth infections and about increased risk of malignancy have not been realized 39, 40 .
Inhibiting IL-5. Three antibody therapeutics that target IL-5 or its receptor have advanced to Phase II clinical trials or beyond in asthma, and these drugs are also being targeted to eosinophilic disorders such as hypereosinophilic syndrome, eosinophilic oesophagitis and eosinophilic granulomatosis with polyangiitis. Mepolizumab (proposed trade name Bosatria; GlaxoSmithKline) is a humanized monoclonal antibody that binds IL-5 to prevent its interaction with the α-chain of the IL-5 receptor (IL-5Rα). Benralizumab (MedImmune/AstraZeneca) is a humanized recombinant IgG1 antibody that binds to IL-5Rα. Reslizumab (Cinquil; Teva Pharmaceutical Industries) is a humanized monoclonal antibody comprising the complementarity-determining regions of a murine antibody specific for human IL-5 that has been grafted onto human framework regions 41 .
An initial large multicentre clinical trial of the efficacy of mepolizumab in individuals with asthma who have persistent symptoms despite inhaled corticosteroid therapy showed that it had no significant effect on multiple outcomes of asthma control, including exacerbation rates 42 . However, this trial did not specifically target individuals with asthma who might be expected to benefit most -namely, the subgroup with persistent eosinophilia (eosinophilia that is not suppressed by corticosteroids), which is indicative of ongoing type 2 inflammation. The most recent studies of mepolizumab have focused on this asthma subgroup and these targeted trials have consistently shown that mepolizumab significantly decreases asthma exacerbation rates and is oral corticosteroid sparing [27] [28] [29] 43, 44 . Recently presented data from Phase II clinical trials of benralizumab and reslizumab show that they too are effective in improving asthma control or in reducing asthma exacerbations when used to treat patients with asthma who have persistent eosinophilia despite corticosteroid treatment 45, 46 .
Inhibiting IL-13. IL-13 binds to two receptors. The first is the heterodimeric combination of the α1 chain of the IL-13 receptor (IL-13Rα1) and the α-chain of the IL-4 receptor (IL-4Rα), and the second is the monomeric IL-13Rα2. Of these, the heterodimeric receptor is also bound by IL-4. Four antibody therapeutics that prevent binding of IL-13 to its receptors have now been tested in Phase II clinical studies in asthma. Lebrikizumab (Genentech/Roche) interferes with IL-13 binding to IL-4Rα to prevent formation of IL-13-IL-13Rα1-IL-4Rα signalling complexes, and GSK679586 (GlaxoSmithKline) and tralokinumab (MedImmune/ AstraZeneca) block binding of IL-13 to IL-13Rα1 and to IL-13Rα2. By contrast, dupilumab (Regeneron Pharmaceuticals) binds to IL-4Rα and so blocks signalling of both the IL-4 and IL-13 pathways. Although these antibodies have subtly different effects according to the epitopes that they bind and their effect on receptor internalization, the clinical trial data for IL-13-directed treatments can be summarized as follows: inhibiting IL-13 in steroid-naive individuals with asthma does not improve FEV1 (REF. 47 ), which indicates that IL-13 is not a mediator 77 show a continuum in the airways of patients with asthma (rather than a bimodal distribution). Individuals with asthma who have expression levels higher than the range found in healthy controls have specific clinical, pathological and treatment-response characteristics. This suggests a threshold effect of T H 2 cell cytokines in the airways above which type 2 inflammation influences the clinical features of asthma and the responsiveness to specific treatments. Biomarkers of type 2 inflammation in blood and exhaled air can identify individuals with asthma who are above and below this threshold, and are showing promise as predictors of responsiveness to a growing list of type 2 cytokine inhibitors that are in late-phase clinical trials for asthma. 
Box 3 | Pharmacological treatment of asthma
Inhaled β2-adrenergic receptor agonists were approved for the treatment of asthma in 1969 and inhaled glucocorticoids were approved in 1974. These two drug classes continue to be the main treatment for individuals with asthma, although leukotriene receptor antagonists and IgE-directed therapies are now available as additional treatment options. The subgroup of patients with severe disease needs a combination of therapies to achieve asthma control and to prevent asthma exacerbations. Typical treatment regimens include some combination of a long-acting β2-adrenergic receptor agonist, higher dose inhaled corticosteroid, oral corticosteroid, leukotriene receptor antagonist, long-acting anticholinergic medication and IgE-directed therapies. Current treatment guidelines recommend increasing treatment as disease becomes more severe with specific recommendations to increase the dose of corticosteroid and to add adjunctive treatments, such as IgE-directed therapies, as disease severity worsens 72 . As corticosteroids and IgE-directed therapies target type 2 inflammation, the guidelines assume a relationship between the severity of asthma and the strength of type 2 inflammation that is only partly supported by research. Although outcomes of type 2 inflammation such as eosinophil numbers are higher in the airways of patients with severe asthma than in those with mild asthma 73 , large subgroups of individuals with asthma, including many with severe disease, do not have airway eosinophilia 17 . Lack of corticosteroid response in asthma has been referred to as 'steroid resistance', with the implication being that steroid-resistant individuals with asthma have a defect in corticosteroid responsiveness that renders them resistant to an otherwise effective drug class 74 . One strategy to overcome this type of steroid resistance is to increase the dose of steroids and this is one rationale for guideline recommendations to treat patients who have poorly controlled asthma with higher doses of corticosteroids. However, true steroid resistance is relatively uncommon and a more probable explanation is that these individuals with asthma do not have a disease endotype that is sensitive to steroid treatment.
of airway smooth muscle dysfunction in asthma; and inhibiting IL-13 in individuals with asthma who are insufficiently controlled on inhaled corticosteroids improves lung function, asthma control and asthma exacerbation rates, particularly in individuals who have evidence of type 2 inflammation (systemic eosinophilia or increased serum periostin levels) 47, 48 . One of the IL-13 inhibitors (GSK679586) has not proven to be as effective as the others 49 for reasons that may be related to the relatively low epitope affinity of the antibody (TABLE 1) or because the clinical trial design did not specifically target individuals with asthma who have evidence of persistent type 2 inflammation despite treatment with corticosteroids.
Lessons from targeting type 2 inflammation
The safety data for IgE-directed therapy are reassuring 50 and safety data for inhibitors of type 2 cytokines are currently being collected in multiple clinical trials. From the efficacy data collected so far in clinical trials of these drugs, it is clear that although study results are highly dependent on the patient population included in the trial, five important general lessons can be learnt.
IgE has an important role in mechanisms of asthma exacerbations. Omalizumab is effective in preventing exacerbations in many individuals with asthma, particularly in those with evidence of type 2 inflammation 51 . These data reveal an important role for IgE in the pathogenesis of asthma exacerbations. Although the clinical trials do not explain the mechanism, of which there are several possibilities, I believe that this might relate to the effects of IgE on IFNα secretion by plasmacytoid dendritic cells (pDCs). Specifically, IgE crosslinking impairs IFNα production and hence antiviral responses by pDCs 52 , so that omalizumab may reduce virus-induced asthma exacerbations (which are the most common type of exacerbations 53 ) by restoring the antiviral activity of pDCs.
IL-5 and IL-13 are important mediators of asthma exacerbations.
The clinical trial data for IL-5-directed and IL-13-directed therapies show a robust effect of decreasing asthma exacerbations in patients with type 2 inflammation, which implicates IL-5 and IL-13 as mediators of airway susceptibility to asthma exacerbation (most probably virus-induced asthma exacerbation) in these patients. Such susceptibility may result from the effects of these cytokines to promote airway eosinophilia or airway remodelling. Regarding eosinophils, respiratory viruses may activate eosinophils either directly or indirectly 54 and products of activated eosinophils, such as eosinophil cationic protein or eosinophil myeloperoxidase, may then mediate exaggerated cellular responses to virus in epithelial cells, mucus cells, smooth muscle cells and endothelial cells.
Biomarkers have the potential to guide asthma treatment. Only when clinical trials of mepolizumab used persistent eosinophilia as a biomarker was it possible to show the efficacy of targeting IL-5 in decreasing asthma exacerbation rates. Similarly, the clinical efficacy of IL-13-directed therapies has been most apparent in the subgroups of individuals with asthma who have type 2 inflammation, as indicated by eosinophilia or increased serum periostin levels. Indeed, these clinical trials have highlighted the potential for blood-based biomarkers to guide treatment for individuals with asthma. Decrease in asthma exacerbation rates and reductions in maintenance doses of oral corticosteroids 36, 37 . Small effects on FEV1 and asthma symptoms.
Mepolizumab (GlaxoSmithKline)
Humanized IgG1 IL-5 NA Decrease in asthma exacerbation rates when used to treat patients with asthma who have persistent eosinophilia despite corticosteroid treatment [27] [28] [29] . . Improvements in FEV1 and asthma exacerbations in steroid-treated patients with moderate and severe asthma 48 . Greatest effects in patients with high serum periostin levels.
Benralizumab
GSK679586 (GlaxoSmithKline)
Human IgG1
IL-13Rα1 and IL-13Rα2 300-400 pM 80 No improvement in FEV1 or exacerbations in patients with moderate to severe asthma. . Effects are greatest in patients with high blood eosinophil levels. Specifically, it is now clear that the benefit of treatments targeting type 2 cytokines is restricted to patients who have biomarkers of type 2 inflammation. This is the first evidence that asthma management could progress to a phase in which treatment guidelines can move from empirical recommendations on the basis of asthma severity
towards biomarker-based recommendations that promise to increase treatment precision.
Additional research will be required to identify the best and most practical biomarkers to guide asthma treatment. The number of eosinophils in peripheral blood has emerged as a useful biomarker of treatment response in recent studies of dupilumab and mepolizumab 30, 43, 44 , but questions remain about the standardization of blood eosinophil counts in clinical service laboratories and whether this test can be reliably used in clinical practice. Similarly, serum periostin level has shown promise as a biomarker of treatment response in clinical trials of lebrikizumab, but the specificity of this marker for type 2 responses in the general population of individuals with asthma requires further investigation and the use of this test in less well-controlled clinical scenarios is unknown.
Type 2 inflammation is a disease modifier.
Inhibiting triggers and mediators of type 2 inflammation -such as IgE, IL-5 and IL-13 -has very limited effects on baseline asthma indices such as measures of airflow limitation or BHR. Indeed, in steroid-naive patients, IL-13-directed therapy has little effect on FEV1, even in individuals with asthma who have high serum periostin levels 47 . Similarly, a recent meta-analysis of seven clinical trials of mepolizumab showed that it has no significant effect on lung function 55 . This lack of effect of lebrikizumab and mepolizumab on FEV1 and BHR is in contrast to the robust effects of these drugs on asthma exacerbation rates and asthma control, as measured by the asthma control questionnaire. This should be compared with the effects of corticosteroids on both baseline measures of asthma and asthma exacerbations. The data showing that many individuals with asthma have no evidence of active type 2 inflammation in their airways, despite evidence of active smooth muscle dysfunction, indicate that the core physiological abnormalities of excessive smooth muscle tone and BHR in asthma are not driven by type 2 inflammation. Rather, the effect of type 2 inflammation might be to modify asthma to worsen asthma control and increase susceptibility to exacerbation (FIG. 4) .
Non-type 2 disease mechanisms must be present in subgroups of patients with asthma. Clinical trials that have selected patients with asthma on the basis of persistent eosinophilia despite treatment with inhaled corticosteroids have identified many patients who do not have evidence of type 2 inflammation but who have uncontrolled asthma. In addition, treatment of individuals with asthma who do have evidence of type 2 inflammation with IgEdirected, IL-5-directed or IL-13-directed therapies improves asthma but does not eliminate exacerbations or completely suppress other outcomes of poor asthma control. Therefore, non-type 2 inflammatory mechanisms must drive asthma in some subgroups of patients and must account for residual asthma in patients who have been successfully treated with inhibitors of type 2 inflammation.
Inhibiting regulators of type 2 cytokines IL-25, IL-33 and TSLP are thought to be master regulators of type 2 inflammation in diseases such as asthma 56, 57 , nasal polyposis 58 and eosinophilic oesophagitis 56 . They are produced by airway epithelial cells, which gives them a suitable cellular location for a role in regulating responses to inhaled aeroallergens. The genes encoding TSLP and IL-33 (as well as the IL-33 receptor) consistently feature in lists of genes that are associated with asthma and atopy in genomewide association studies 59, 60 . IL-25, IL-33 and TSLP can all activate innate and adaptive immune cells to secrete IL-5 and IL-13, and the effects of IL-33 and TSLP are highly synergistic for this function 61 . There has consequently been considerable interest in targeting IL-25, IL-33 and TSLP as a treatment strategy for asthma. No inhibitors of IL-25 or IL-33 have reached the clinic yet, but inhibitors of TSLP are now completing early-phase studies; for example, AMG 157 (Amgen) is a fully human TSLP-specific monoclonal IgG2λ antibody that blocks the interaction of TSLP with its receptor complex (which consists of a unique TSLP receptor chain and the IL-7 receptor α-chain). AMG 157 has recently been tested for its effects on airway responses to aero allergens in patients with mild asthma as a proof-of-concept study. AMG 157 attenuated both the early-and the late-phase responses to allergens 62 , a result that predicts success in subsequent clinical trials focused on asthma control outcomes. AMG 157 also attenuated allergen-induced increases in airway eosinophilia. As earlyphase bronchoconstriction in response to allergens is considered a type I hypersensitivity response that is mediated by mast cell or basophil degranulation, the ability of AMG 157 to attenuate the early phase also suggests that inhibition of TSLP decreases the number of airway mast cells (or basophils). This
Glossary
Asthma control questionnaire
A tool for measuring quality of life and symptoms in patients with asthma. It assesses whether an individual wakes in the mornings with symptoms, the limitations of daily activities, shortness of breath and wheeze.
Atopy
A tendency to develop IgE-mediated allergic disease, such as asthma, eczema (atopic dermatitis), allergic rhinitis (hay fever) or allergic conjunctivitis.
Bronchial hyperresponsiveness
(BHR). A state in which the airways are hyperreactive to various bronchoconstrictor stimuli, including methacholine, histamine, hypertonic saline, distilled water, exercise or eucapnic hyperventilation. Hyperresponsiveness in this context means a bronchoconstrictor response at 'doses' that normally have no bronchoconstrictor effect.
FEV1
(Forced expired volume in 1 second). A measure of airflow. Decreases in FEV1 are characteristic of asthma and are one metric of asthma severity.
Glucocorticoids
Steroid hormones that are produced in the adrenal glands. Synthetic analogues are available as anti-inflammatory drugs that are particularly effective in suppressing type 2 immune responses.
Group 2 innate lymphoid cells
(ILC2s). ILC2s are a subtype of innate lymphoid cells, which are a novel family of haematopoietic effector cells with heterogeneous location, cytokine production and effector functions. ILC2s specifically produce type 2 cytokines and depend on GATA-binding protein 3 and retinoic acid receptor-related orphan receptor-α for their development and function.
SARP
(Severe Asthma Research Program). A network of seven asthma research centres and one data coordination centre in the United States. SARP aims to improve understanding of the heterogeneity of asthma, including asthma endotypes, with the ultimate goal of better treatments. It is funded by the US National Heart, Lung and Blood Institute. might occur because mast cells or basophils rely on TSLP as a trophic signal for their accumulation in the airways 63 . It could also mean that TSLP has some role in mechanisms of IgE-mediated 'arming' of mast cells or basophils. Indeed, the effects of TSLP inhibition on airway responses closely mirror those of omalizumab 32 . Taken together, these data indicate that TSLP -perhaps working together with IL-33 -is an important and non-redundant upstream regulator of type 2 inflammation in the airways of patients with asthma.
U-BIOPRED
Conclusion and future directions
Type 2 inflammation is an important disease mechanism in a large subgroup of individuals with asthma who have the T H 2-high asthma endotype. Blood-based biomarkers, such as blood eosinophil counts and serum periostin levels, show promise for their ability to identify those patients with a T H 2-high endotype so that personalized medicine targeting the type 2 inflammatory pathway should soon become a reality for these patients. The advent of specific inhibitors of type 2 inflammation has provided new insights into the role of type 2 inflammation in asthma and the importance of other disease pathologies. Specifically, type 2 inflammation seems to have a limited role in the mechanisms of airway smooth muscle dysfunction but it seems to have a major role in driving susceptibility to asthma exacerbations. In addition, many patients with asthma do not have type 2 inflammation and do not benefit from treatment with inhibitors of type 2 inflammation. Therefore, although the emphasis on dissecting mechanisms of type 2 inflammation in asthma is now benefitting many patients with T H 2-high asthma, there remains a large subgroup of patients who do not have this endotype and so have unmet therapeutic needs. Meeting these needs will require a new research emphasis to better understand non-type 2 mechanisms of asthma.
Comprehensive and integrated efforts to improve disease understanding and to identify disease endotypes are in their infancy. Recent efforts include multicentre research programmes in severe asthma in Europe (U-BIOPRED) and in the United States (SARP) that aim to collect high quality biospecimens from highly characterized individuals with asthma with a view to using omics, and systems-based and hypothesis-driven experimental approaches to uncover novel mechanisms of disease. These efforts signal a trend towards a more Nature Reviews | Immunology
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Inhaled corticosteroids and inhibitors of type 2 inflammation Figure 4 | Asthma as a core disease of smooth muscle that is modified by inflammation. Lessons learnt from clinical trials of inhibitors of type 2 inflammation suggest a conceptualization of asthma as a disease with a core abnormality in airway smooth muscle function that can be modified by inflammation to worsen disease severity and to promote susceptibility to asthma exacerbations. Although type 2 inflammation has been shown to be an important disease modifier by the effects of its inhibition in clinical trials, these same clinical trials also highlight that additional types of inflammation must contribute to certain forms of asthma. These non-type 2 inflammatory pathways are not well understood but may include those associated with obesity, infection or neutrophilia. T H , T helper.
disease biology-based approach, in which all the pieces of the asthma puzzle (clinical, cellular and molecular) are examined together to better identify currently hidden patterns or links between clinical traits and specific disease mechanisms. Understanding disease biology will require higher quality interactions between different investigator groups who have historically tended to work in silos based on research interest. Broader considerations of mechanisms combined with more inter disciplinary research are necessary so that asthma -a common disease with a high public health impact -can advance beyond knowledge of a single disease endotype (T H 2-high asthma) to knowledge of multiple endotypes, which would provide a rational basis for new and personalized treatments.
